experience tumor recurrence. 2, 17, 19, 33 The ability of glioblastoma to recur after extensive and repeated resection has made many question the utility of surgery for patients with these tumors.
There is growing evidence that extent of resection at the time of initial surgery is associated with prolonged survival, 6, 20, 22, 25, 31 but studies on the association between repeated resections and survival are few and limited. 1, 2, 17, 19 This lack of clarity has led to the implementation of experimental therapies such as vaccines and salvage chemotherapy. 28, 32 A better understanding of the efficacy of repeated resection may help guide treatment strategies aimed at prolonging survival for patients with glioblastoma. The goal of this study was therefore to evaluate the role that repeated resections has on prolonging survival for patients with glioblastoma.
Methods

Patient Selection
Johns Hopkins Institutional Review Board approval was obtained prior to conducting this study. A total of 701 patients underwent nonbiopsy surgery for an intracranial glioblastoma at a single academic tertiary-care institution between 1997 and 2007. The pathology was determined by a senior neuropathologist in all cases, and the grading criteria were based on the WHO classification system. 21, 24 Patients at least 18 years old with a tissue-proven diagnosis of a supratentorial glioblastoma (WHO Grade IV) were included in the study. Patients with infratentorial gliomas, multifocal and multicentric lesions, and prior lower-grade gliomas were excluded from the analysis. Patients who underwent biopsies and/or with incomplete medical records lacking clinical presentation, pre-and postoperative MRI, and/or adjuvant therapies were also excluded. Patients who underwent surgeries in which no active tumor was found were also excluded. These exclusions were made to create a more uniform patient population with similar tumor types, tumor location, and treatment strategies. In total, 578 patients met the inclusion and exclusion criteria (Fig. 1) .
Recorded Variables
The clinical, operative, and hospital course records of the patients who met the inclusion criteria were retrospectively reviewed. The information collected from neurosurgery and neurooncology clinical notes included patient demographics, comorbidities, presenting symptoms, neuroimaging, neurological function, and adjuvant therapy. The KPS score was used to classify the patients' preoperative functional status. 12 The KPS scores were assigned during a chart review by a reviewer blinded to patient outcomes at the clinical visit prior to surgery. A motor deficit was defined as decreased strength, while a language deficit was defined as any combination of receptive and/or expressive aphasia.
The MR images were obtained and reviewed. The characteristics that were recorded included lesion size (largest diameter based on Gd enhancement), specific lobe involvement, and adjacency to the lateral ventricles. The tumor was defined as periventricular if the tumor bordered the lateral or third ventricles on T1-weighted Gd-enhanced MRI, as previously defined, 4, 8 including basal ganglia and thalamic tumors. 4, 8 Extent of resection was classified from radiology reports obtained less than 48 hours after resection as either GTR or STR by an independent neuroradiologist blinded to patient outcomes. Subtotal resection and GTR were defined as having residual and no residual enhancement, respectively. This classification was performed by comparing preoperative and postoperative MR images. Resection number was defined as the number of times a patient with known glioblastoma underwent surgery for tumor resection. Patients who underwent biopsies were not classified as having undergone a resection. Surgeries in which final pathological analysis revealed treatment effect and no active tumor were excluded.
The date of death was recorded for any patient whose record was available from the social security index database (http://search.ancestry.com/search/db.aspx? dbid=3693). Time to death was defined as the time from initial glioblastoma diagnosis until death. Patients whose deaths were unconfirmed were classified as lost to followup at the time of the last clinic visit.
Perioperative Treatment
The general aim of surgery was to achieve GTR of the tumor when possible. Subtotal resection was achieved primarily when the tumor involved eloquent brain as confirmed by intraoperative mapping and/or monitoring (awake/speech language mapping, direct cortical motor stimulation, and motor evoked or somatosensory evoked potentials). Motor and somatosensory evoked potentials were routinely used in the majority of cases, whereas surgical navigation (CT and/or MRI wand) was used in all cases after 2001. The use of motor mapping or electrocorticography largely depended on the preference of the surgeon. Motor or speech mapping was primarily used when the tumor was near the motor or speech cortex, respectively.
Patients were typically offered repeat surgery for recurrent tumors and to establish diagnosis after case discussion in our Neuro-Oncology Tumor Board, which consists of neurosurgeons, neurooncologists, and radiation oncologists. Recurrent tumors were typically discovered on routine postoperative MRI that was performed at 3-month intervals following surgery, or when symptoms developed including increased headaches, weakness, or other deficits. The use of polifeprosan with carmustine (BCNU) implant therapy was determined by both the surgeon as well as the patient. These carmustine wafers were typically not implanted when tumors were multifocal, extended across the corpus callosum, or required large opening of the ventricle. Likewise, the particular use of adjuvant radiation and chemotherapy was determined by the surgeon, radiation oncologist, medical oncologist, and the patients themselves.
Statistical Analysis
Summary data were presented as mean ± SD for parametric data and as median (IQR) for nonparametric data. For intergroup comparison, the Student t-test was used for continuous data and the Fisher exact test for categorical data. The multivariate proportional hazards regression analysis was used to identify an association between resection number and survival. This analysis was conducted after controlling for preoperative (age, KPS score, and periventricular tumor location), 4, 8, 22, 23 intraoperative (extent of resection), 6, 20, 22, 25, 31 and postoperative factors (carmustine wafer implantation, 3, 9, 27, 36 temozolomide chemotherapy, 16, 34 and radiation therapy 14 ) known to be associated with survival. In addition, to evaluate the role of resection number and survival, a case-control study was performed. Each group was selected by an individual blinded to patient outcomes, and controlled for in terms of age (± 5 years), KPS score (± 0), periventricular tumor (yes/no), GTR (yes/no), and temozolomide/radiation (yes/no). Survival as a function of time was plotted using the Kaplan-Meier method, and a log-rank analysis was used to compare Kaplan-Meier plots (GraphPad Prism 5). Values with a probability < 0.05 in these analyses were considered statistically significant. The statistical program JMP (version 8, SAS Institute Inc.) was used unless otherwise specified.
Results
Preoperative, Perioperative, and Postoperative Characteristics of all Patients
The preoperative characteristics of the patients in this study are summarized in Table 1 . A total of 578 patients met the inclusion/exclusion criteria, of which 354 (61%), 168 (29%), 41 (7%), and 15 (3%) patients underwent 1, 2, 3, or 4 resections, respectively. The average age was 55 ± 14 years at the time of initial glioblastoma diagnosis, and 347 (60%) were male. The median preoperative KPS score was 80 (IQR 80-90), and the major presenting symptoms were headaches in 107 (19%), motor deficits in 162 (28%), language deficits in 102 (18%), and seizures in 73 (13%). The average size of the tumor was 4.5 ± 1.6 cm, and 259 (45%) involved the frontal lobe, 123 (21%) the parietal lobe, 164 (28%) the temporal lobe, and 36 (6%) the occipital lobe. The tumor was periventricular in 230 (40%).
The perioperative and postoperative outcomes are summarized in Table 1 . All of these outcomes are listed relative to the last surgery. Gross-total resection was achieved in 150 patients (26%). Two hundred thirty-six patients (41%) had carmustine wafers placed at the time of any of their surgeries, and 202 (35%) underwent temozolomide chemotherapy. Of the 202 patients who received temozolomide, 127 (63%) underwent temozolomide/radiation therapy according to the protocol used by Stupp et al. 34 Four hundred forty-six patients (77%) received radiotherapy, with a median dose of 6000 cGy (IQR 5940-6000 cGy).
At last follow-up, 509 (88%) patients had died. The median follow-up time for surviving patients was 10.5 months (IQR 6.5-20.7 months). The median survival of the entire cohort was 10.7 months from the time of glioblastoma diagnosis, where the 6-, 12-, 18-, and 24-month survival rates were 69%, 46%, 29%, and 20%, respectively.
Differences Between Patients Undergoing Different Numbers of Resection
The differences between patients undergoing 1, 2, 3, or 4 resections are summarized in Table 1 . Preoperatively, patients undergoing only 1 resection were older than patients undergoing 2 (p = 0.0001), 3 (p = 0.0001), or 4 resections (p = 0.0001) at the time of glioblastoma diagnosis. Likewise, patients undergoing 2 resections were older than patients undergoing 3 (p = 0.01) or 4 resections (p = 0.0001). Patients who underwent 3 resections were not significantly older than patients undergoing 4 resections (p = 0.06). Patients who underwent 1 resection had tumors that were less commonly located adjacent to the ventricles as compared with patients who underwent 2 (p = 0.003) or 4 (p = 0.01) resections, but not 3 resections (p = 0.60). There were no differences between the cohorts in regards to KPS score, motor deficits, and language deficits.
Perioperatively, there were no statistical differences between patients who underwent 1, 2, 3, or 4 resections in regards to extent of resection. Postoperatively, patients who underwent 1 resection had carmustine wafers placed less frequently than patients who underwent 2 (p = 0. At last follow-up, there were no significant differences in the percentage of patients who died between the groups. The median survival times of all patients who underwent 1, 2, 3, or 4 resections were 6.8, 15.5, 22.4 and 26.6 months, respectively. However, patients who underwent 1 resection had a shorter survival as compared with patients who underwent 2 (p < 0.0001), 3 (p < 0.0001), or 4 (p = 0.0006) resections. Patients who underwent 2 resections had shorter survival as compared with patients who underwent 3 (p = 0.04) or 4 (p = 0.02) resections. Likewise, patients who underwent 3 resections had poorer survival than patients who underwent 4 resections, but this difference did not reach statistical significance (p = 0.30). The Kaplan-Meier survival curves are illustrated in Fig. 2 .
Association Between Resection Number and Survival
The association between resection number and survival was assessed after controlling for factors known to be associated with survival (age, KPS score, periventricular tumor location, GTR, carmustine wafer implantation, and temozolomide/radiation) in a multivariate proportional hazards regression analysis ( Table 2 
Case-Control Evaluation of Survival
Even after evaluating the role of repeated resection for survival in a multivariate analysis, a case-control evaluation was also performed to better evaluate survival curves for patients with 1, 2, or 3 resections given the differences in patient preoperative and postoperative characteristics. The number of patients who underwent 4 resections was too small to perform case-control analyses. Each cohort (1, 2, and 3 resections) was controlled for in regard to age (± 5 years), KPS score (± 0), periventricular tumor (yes/no), GTR (yes/no), and temozolomide/ radiation therapy (yes/no). There were no significant differences in preoperative and perioperative characteristics between patients who had 1, 2, or 3 resections (Table 3) 
Discussion
In this study of 578 patients with primary glioblastoma, 354, 168, 41, and 15 patients underwent 1, 2, 3, or 4 resections, respectively. At last follow-up, the median survival for patients who underwent 1, 2, 3, or 4 resections was 6.8, 15.5, 22.4, and 26.6 months, respectively. This difference in survival between groups was statistically significant; patients who underwent a greater number of resections had significantly longer survival times. In multivariate analysis, even after controlling for factors known to be associated with survival, patients who underwent more resections survived longer. Additionally, in the case-control study, after selecting for factors known to be associated with survival, patients with more resections survived longer as compared with patients with fewer resections. Importantly, there were no significant differences in the development of postoperative deficits and/ or surgical site infections among the resection cohorts.
Glioblastomas are unique tumors composed of a heterogeneous population of cells with differential reproductive, invasive, and migratory potential. 30 Glioblastoma cells have the propensity to migrate and invade normal brain parenchyma well beyond radiographic boundaries. 30 This individual cell invasion makes curative resection difficult. These tumors will still recur even after resection beyond radiographic boundaries. 10, 25 Despite this recurrence, there is an increasing body of data supporting extensive resection for patients with glioblastoma. 6, 20, 22, 25, 31 These studies show that GTR of these tumors results in prolonged survival as compared with STR and even neartotal resection. 6, 20, 22, 25, 31 This better survival is believed to be due in part to reduced tumor burden, which prolongs recurrence and possibly makes adjuvant therapy more effective, including radiation and chemotherapy. 6, 20, 22, 25, 31 However, an immediate risk of extensive resection is the development of iatrogenic neurological deficits. The development of postoperative deficits is associated with poor survival for patients with glioblastoma. 5, 7, 26 This risk of iatrogenic deficits, combined with inevitable recurrence, presumably minimizes the utility of repeated resection.
Previous studies evaluating the role of repeat resections in prolonging survival are few and limited (Table  4) . 1, 2, 17, 19, 28, 33, 37 Barker and colleagues 2 found that the median survival for 46 patients who underwent a 1-time reoperation for glioblastoma was 36 weeks as compared with 23 weeks for patients undergoing only 1 surgery (p = 0.03). Likewise, Helseth et al. 19 found that survival was longer for 65 patients who underwent repeat surgery than for 451 patients who only underwent 1 surgery or biopsy (18.4 vs 8.6 months, respectively). Hau and colleagues 17 used a matched-pair analysis to evaluate whether salvage therapy prolonged survival. Groups were selected for age, KPS score, extent of resection, and use of chemotherapy, and salvage therapy consisted of some combination of surgery, radiation, and second-line chemotherapeutic drugs. 17 Forty-six patients who underwent reintervention or salvage therapy had a median survival of 65.5 weeks, whereas 46 matched patients undergoing only 1 intervention had a median survival of 28.5 weeks (p = 0.05).
17
Additionally, Stark et al. 33 found that reoperation was significantly associated with improved survival among 72 of 267 patients with glioblastoma who underwent repeat surgery in multivariate analysis. Patients with multiple reoperations (> 2) were not routinely included in these studies. 2, 17, 19, 33 Despite these studies, other studies have found no association between repeat surgery and survival.
1,37 Azizi et al. 1 found no statistical difference in survival among 162 total patients with either glioblastomas or anaplastic astrocytomas who underwent biopsy, 1 resection, or multiple resections when comparing survival curves. Wong and colleagues 37 studied 375 patients with high-grade gliomas (225 glioblastomas, 150 anaplastic astrocytomas), and found that patients who had 2 or more surgeries or chemotherapeutic regimens had poorer overall survival. Nieder and colleagues 28 performed a review of the literature and found no evidence to suggest that reoperation would prolong survival. Other studies only evaluate the role of chemotherapeutics at the time of reoperation, making it difficult to discern if repeated resection has an effect on survival. * Groups were matched for age, preoperative KPS score, periventricular tumor location, extent of resection, and temozolomide/radiation therapy. Preoperative and perioperative outcomes are relative to the last surgery. Survival is from the time of initial glioblastoma diagnosis until death. With the exception of overall survival (p < 0.05), there were no significant differences between the groups. 
Clinical Recommendations
This study demonstrates the efficacy of repeated resections for patients with glioblastoma. After a discussion with the patients, their families, and treatment teams, the majority of patients who can tolerate surgery should be offered repeated resections. The goals of these repeated resections should be to safely operate on these patients with recurrent tumors, obtain tissue for diagnosis, and resect as much tumor safely without endangering neurological function. These repeated debulking procedures may not only decrease tumor burden, but also increase the efficacy of adjuvant therapies including radiation, temozolomide, and other types of chemotherapy. Repeated resections can be achieved with no significant increase in postoperative deficits or wound infections.
Strength and Limitations of the Study
We believe this study provides several useful insights. First, the role of repeated surgeries in prolonging survival is poorly understood. This study shows that patients with more resections have improved survival as compared with patients with fewer resections. These patients also do not have an increased risk of postoperative deficits and/or surgical site infections. Second, studies that do evaluate the role of repeated surgeries are limited by small patient numbers and lack of multivariate analyses. 1, 2, 17, 19, 28, 33 The present study is the largest study to date to evaluate the association between repeated resection and survival. It also uses multivariate analyses and controls for factors known to be associated with survival to better understand the utility of repeated resections. Third, studies on repeated surgeries often only focus on second surgeries or else group repeated surgeries into the same cohort, which may obscure findings. 1, 2, 17, 19, 28, 33 This study evaluates patients who underwent up to 4 resections, and each resection number represents its own cohort. This study was designed in this way to better understand if increasing number of resections was associated with improved survival. Lastly, this study may provide useful information that may help guide treatment strategies aimed at prolonging survival for patients harboring glioblastoma.
This study, however, has some limitations. One limitation is that these findings only apply to patients undergoing craniotomy for surgery in which active tumor is found. Patients who underwent craniotomies where no active tumor was found were excluded. These findings are also not necessarily applicable to patients undergoing biopsies of their lesion or those undergoing conservative management of their tumors. This study also does not evaluate patients with previously diagnosed lower-grade gliomas; it only evaluates those patients who were diagnosed initially with glioblastoma to minimize the confounding effect for improved survival for patients with lower-grade lesions. An additional limitation is that this study does not analyze the prognostic implication of molecular markers and genotypes, which may be a better indicator of patient outcomes. In recent studies, patients with glioblastoma and O6-methylguanine-DNA methyltransferase promoter methylation had prolonged survival after temozolomide and radiation therapy as compared with patients without this molecular marker. 18 More recently, Parsons et al. 29 performed a genomic analysis on patients with glioblastoma and found that patients with isocitrate dehydrogenase 1 mutations had prolonged survival times. These molecular markers and others may also be associated with survival, but were not analyzed in this study. Furthermore, the patients in this study underwent disparate treatment regimens. The majority of patients in this study did not undergo GTR and/or receive triple combinatorial adjuvant therapy (carmustine wafer, temozolomide, and radiation). Patients who underwent more resections were treated with more aggressive adjuvant therapies. As a result, the relevance of repeated resections may be altered in the context of those patients receiving the most aggressive of treatment regimens. Finally, this study is inherently limited by its retrospective design, and, as a result, it is not appropriate to infer direct causal relationships. We acknowledge that there may be an inherent bias associated with patient selection, in which patients who were offered repeated surgeries may have a propensity for better outcomes. However, we tried to create a uniform patient population by utilizing strict inclusion and exclusion criteria, thus providing more relevant information for patients undergoing repeat resections for glioblastoma. We included only patients who underwent nonbiopsy resection of active intracranial tumors. In addition, we excluded patients with incomplete medical records, prior history of lower-grade gliomas, and pediatric patients. Furthermore, we performed multivariate analyses to control for potential confounding variables, which included disparate treatment regimens and factors associated with survival. We also performed a case-control analysis to try to minimize these biases. Given these statistical controls and a relatively precise outcome measure, we believe our findings offer useful insights into the role that repeat surgery has for patients with glioblastoma. However, prospective studies are needed to provide better data to guide clinical decision making.
Conclusions
Patients with glioblastoma have tumors that will inevitably recur regardless of the extent of resection. This propensity to recur has made many surgeons hesitant to offer repeated resections. The present study shows that repeated resections, at least up to 4 times, can significantly prolong survival for patients with glioblastoma. Patients who underwent an increasing number of resections had increased survival benefit regardless of age, functional status, and other factors. These resections can occur with no increase in morbidity or death. These findings, however, may be limited by an inherent bias in patient selection, which may favor patients with more benign tumor biology. We attempted to minimize these limitations by using strict inclusion criteria, multivariate analyses, and case-control evaluations. Therefore, despite this potential source of bias, these findings may help guide treatment strategies aimed at prolonging survival for patients with this devastating disease. 
